Selegiline ((-)deprenyl) is a monoamine oxidase-B (MAO-B) inhibitor' that might theoretically inhibit the action of a putative toxin or reduce "oxidative stress" on neurons.24
The sole purpose of this paper is to examine evidence from the deprenyl and tocopherol antioxidative treatment (DATATOP) study5-7 that selegiline is "neuroprotective"-that is, it reduces the rate of progression of Parkinson's disease. Despite some controversy,8 the neuroprotective hypothesis has been widely accepted. 9 Eight hundred previously untreated patients were randomised to receive either selegiline, tocopherol, tocopherol and selegiline, or placebo. No levodopa or other treatment was given. Treatment effects were found for selegiline but not for tocopherol. The primary endpoint was the decision to initiate levodopa treatment. Other indices of treatment effects were termed secondary response variables and included measures of motor impairment, physical disability, and mental state. Analysis showed that selegiline treatment delayed the primary endpoint by about nine months. Secondary response variables showed improvement at one and three months of treatment ("wash-in" effect), and some deterioration was seen two months after stopping selegiline ("wash-out"). Mean rate of change of these variables was significantly lower in the treatment group.
The study was based on the assumption that when disease progression reaches a threshold, a measurable clinical endpoint occurs as shown schematically in the figure (A). Individual levels of impairment (for example, degree of motor slowing) are distributed about the mean and increase with time. The figure (B) shows the effect of a neuroprotective agent: the rate of change of impairment is reduced. The figure (C) shows a direct treatment effect (such as that of levodopa). The rate of disease progression is unchanged but mean time to endpoint is delayed as a result of a quantal reduction in initial impairment. The model assumes that individual progression rates are roughly parallel. In keeping with this assumption, patients in the DATATOP study who reached the endpoint had higher average levels of baseline impairment and disability than those who did not. Rate of change of secondary response variables was in fact non-linear rather than as shown in the figure,5 but a non-linear model would have similar properties.
Influence of study design on interpretation In the figure the probability of reaching endpoint is represented by the proportion of subjects above threshold: it is 05 at the point where the line representing mean level of impairment crosses the threshold level. In the DATATOP study Kaplan Meier curves were used to plot the probability of reaching the endpoint at intervals after randomisation. The rate at which patients reach the endpoint, and hence the slope of the Kaplan Meier curve, will depend on the speed of progression. The neuroprotective hypothesis predicts that the rate at which subjects reach the endpoint will be reduced, so that the Kaplan Meier curve will have a lower slope in the treated than in the untreated group. The figure (C) shows that a quantal reduction in initial impairment also causes a delay in reaching threshold so that the probability of reaching the endpoint is initially reduced.
The underlying speed of progression is unchanged, however. The extent to which the DATATOP study distinguishes neuroprotec- Evidence for neuroprotection In terms of the model shown in the figure, the most important evidence for neuroprotection comes from studying the effect of treatment on the rate at which impairment increases over time. As the figure (B) predicts, selegiline treatment reduced the mean rate of change of secondary response variables. The published reports5 7 do not state how this rate was calculated and the data are not fully presented. Interpretation is complicated by the fact that rate of change of variables was nonlinear. This is apparent from the size of the short term wash-in effect and from the statement that most of the deterioration occurred in the period immediately before reaching the endpoint5; comparisons of mean rates would not seem to be the ideal form of analysis for non-linear data. There remains one finding7 that is supportive of neuroprotection, however, and that is difficult to explain on the basis of a direct treatment effect. Patients who had not reached the endpoint were studied after the two month wash-out period and those treated with selegiline had significantly lower mean rates of decline.
Evidence for a direct treatment effect A direct treatment effect as in the figure (C) would predict an early improvement in impairment and this was found: all variables that improved did so significantly within three months of treatment, and most within one month. A further prediction from a direct effect would be that withdrawal of treatment would cause a short term increase in impairment; withdrawal of a neuroprotective agent would have no short term effects. In the earlier publication5 patients reaching the endpoint were studied one month after stopping selegiline and wash-out effects were not seen. In the second publication7 patients who had not reached endpoint were also studied up to two months after treatment. At two months there was a significant decline in total impairment score and in the motor component. Both wash-in and wash-out studies thus supported a direct treatment effect.
According to the model in the figure (C) a larger direct treatment effect might be associated with a longer period before the endpoint is reached. No such relation was shown.7 There was a time lapse of several months, however, between the occurrence of early treatment effects and the primary endpoint and a direct treatment effect might have been less pronounced with time. Interpretation is further complicated by a possibility not illustrated in the figure (C): a larger initial treatment effect could have been correlated with a higher level of impairment and hence with a greater prior probability of reaching endpoint early. Another consideration is that in this large scale clinical study of Parkinson's disease diagnostic error was probably 20% to 30%17; the error rate is around 24% when an early, untreated cohort is selected. 18 Misdiagnosed patients are usually resistant to treatment and their inclusion in group analyses complicates the relation between initial treatment effects and outcome.
Can a small direct treatment affect endpoint? Within three months of treatment the treated group had better scores than the untreated group on most scales measuring aspects of disability and motor impairment; mean improvements were small (between 13% and 23% of standard deviation) but highly significant. The authors described the direct treatment effect as "slight and not likely to be of clinical consequence". The reduced numbers reaching the endpoint illustrated in the figure (C), however, would be produced by reduction in impairment of less than half a standard deviation if we assume a normal distribution. '9 Furthermore, the direct treatment effect in individual patients may have been larger than the sample mean values would suggest, having been diluted by either of two factors. Firstly, if improvement were confined to patients with above average levels of baseline impairment, the result shown in the figure (C) could be associated with a mean reduction of less than a quarter of a standard deviation. Secondly, diagnostic error in the sample dilutes observed mean direct treatment effects as misdiagnoses respond poorly to drug treatment (see earlier).
Health economic implications A major economic benefit of a neuroprotective agent would be a reduction in severe morbidity at later stages of the disease.202' The DATATOP study provides no indication that reductions in morbidity would be sustained during chronic treatment, however; the lack of washout effect argues against a sustained effect. Although it is suggested that a 10% reduction in morbidity would produce annual savings in the United States of $327 million ($1-3 per head)22 this is only a little more than the current cost of treating all patients with Parkinson's disease with 10 mg selegiline daily, assuming a prevalence of 1-6 per 1000. 23 In routine use, misdiagnoses would add substantially to this cost. Conventional therapeutic agents can be used selectively in individual patients and are less expensive than a drug used indiscriminately for all patients carrying the diagnosis of Parkinson's disease.
Conclusion
The DATATOP study is the largest therapeutic trial ever undertaken in Parkinson's disease and its authors have produced valuable data to suggest that selegiline has direct therapeutic effects in Parkinson's disease, although clinical indications require further study. The size of the direct treatment effect was sufficient to explain the observed reduction in probability of reaching endpoint. There is little evidence that selegiline reduces the rate of progression of Parkinson's disease. A further trial is ethically justified and should be based on measures of underlying disease progression with rate of change of impairment as the main treatment criterion. Analysis of such a trial must take account of theoretical considerations that indicate the minimum period of informative follow up. 
